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1. Introduction 

Pressed pellet munitions thermal reserve batteries are important sources of power 

for traditional, smart, and nuclear munitions weaponry. Their capabilities are well 

known and they are expected to remain important power sources for munitions 

applications into the indefinite future. These batteries can deliver high currents, 

voltages, and operational reliabilities over wide ambient temperature ranges 

(typically ï40 to +60 °C) under high mechanical stresses and have long shelf lives 

(10- to 20-year shelf life requirements are typical). Munitions thermal batteries are 

typically built in a ñdry roomò under a relative humidity of greater than or equal to 

1% (ï34.0 °C dew point) to avoid moisture contamination, dried under vacuum, 

hermetically sealed, and then sealed into a munition that will be used one time only 

many years later. They have been used in the 155-mm howitzer1ï3 with setback 

forces on the order of 15,000 times the standard force of gravity on the earthôs 

surface (15,000 gôs) and at spin rates of 275 revolutions per second (RPS). Pressed 

pellet munitions thermal reserve batteries are more commonly used in low spin (0 

to 20 RPS) situations and are used in numerous Department of Defense (DOD) and 

Department of Energy (DOE) missile and nuclear applications. Operational 

reliability levels for pressed pellet thermal reserve batteries generally range from 

99.9% at a 95% confidence level for munitions applications to 99.999% at a 98% 

confidence level for nuclear applications. Production costs for thermal batteries are 

generally considered to be moderate and the batteries are often used in applications 

where mission reliability is of crucial importance. 

The US Army Combat Capabilities Development Command Army Research 

Laboratory (ARL) has done extensive laboratory experimentation, in-house 

development, and mathematical modeling in thermal batteries for many years4,5,6 

and has applied lessons learned from those past programs to the present study. 

Previously developed test fixtures and experimental procedures for the well 

documented Low Cost Competent Munition (LCCM)3 thermal battery were 

modified as required for use in the present study. ARL has also done literature 

searches and laboratory experimentation on numerous molten salt electrochemical 

systems and chemical preprocessing methods that have been used in thermal 

batteries for ARL customers and by other laboratories.7 Noteworthy capabilities, 

opportunities, characteristics, and challenges of munitions thermal reserve battery 

technology are summarized in Appendix A. 

Pressed pellet munitions thermal reserve battery technology is presently regarded 

by many as a mature technology with little room for future improvement in the 

absence of major technical innovation.8,9 Partly for this reason, partly because 

present production-type munitions thermal reserve batteries are believed adequate 
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to meet military requirements in the near future, and partly because the technology 

base is relatively small financially, thermal battery technology was recently 

deemphasized within the Army. The Army ñLong-Range Precision Fires 

Modernization Priorityò, which can be expected to use many thermal reserve 

batteries remains, nevertheless, a top priority. 

Mathematical modeling, when combined with a knowledge of thermal battery 

performance, chemical preprocessing, and thermal battery construction methods, 

clearly shows that most present munitions thermal reserve batteries are grossly 

overdesigned (larger than necessary) in order to meet heat transfer requirements. In 

the long term, mathematical models and laboratory experiments clearly show that 

presently required volumes for most thermal battery applications could be reduced 

by huge amounts because the thermal conductivity values of the thermal insulation 

packages could be greatly reduced simply by controlling the operating gas 

atmospheres within the porous thermal insulation packages. In the short term, even 

minimal advances in gas control and mathematical parametric optimization can be 

expected to be of significant help to the ñLong Term Precision Firesò modernization 

priority. 

The importance of the quantities and chemical compositions of internally evolved 

gases present during thermal battery operation has been recognized and gas 

characterization and control efforts have been reported since at least as early as 

1960.10,11 Early efforts on gas characterization during thermal battery operation 

focused on reducing the gross quantity of gas evolved during pyrotechnic ignition 

in order to avoid rupture of the hermetically sealed stainless steel (SS) external 

battery cases. Internal gas atmosphere control to control heat transfer in munitions 

thermal reserve batteries has been successful in numerous laboratory tests, but was 

never fully optimized in production. Instead, production-type thermal batteries 

have routinely been made larger than necessary (overdesigned for heat transfer) to 

the point where the required temperature maintenance of the cell stack during 

battery operation could be easily accomplished. The effects of the gas control 

problems on production battery lifetimes have been acknowledged and mitigated 

for specific applications by battery vendors when possible to do so by using simple 

methods such as choosing construction methods and materials known to evolve less 

gas during battery operation, controlling impurity levels, and minimizing water 

contamination during battery construction. 

By combining operating atmosphere gas control with appropriate changes in battery 

construction and materials processing, mathematical modeling clearly shows that 

volumetric energy density values for many presently fielded thermal batteries could 

be increased by factors of 5 or more. It should be emphasized that such batteries 

would require gas control not available at present. In addition, the thin film anode, 
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cathode, and electrolyte components that would be required for very small thermal 

batteries remain untested or tested only in exploratory manners, but mathematically 

modeled examples that contain all the required pyrotechnic and electrochemical 

materials might become feasible when using future production techniques. With a 

moderate vacuum operating gas atmosphere (~50 µ Hg [microns of mercury] or 

6.67 Pa [pascal]) and adequately thin-film anode, cathode, and electrolyte 

components, the mathematical models show that small (~0.20 inches in diameter 

by ~0.25 inches tall), low current (1.5 mA) thermal batteries delivering 5.4 to  

7.2 V could last 566 s with a nominal volumetric thermal battery energy density 

value of 0.090 Wh/l.12  

Operating thermal battery chemical complexity combined with the high operating 

temperatures of the highly reactive electrochemical cell stack components 

(typically 400 to 600 °C) and the long required thermal battery shelf lives makes 

any simple, rapidly implemented, and demonstrably reliable removal of H2 gas 

from thermal battery operating atmospheres difficult. A sustained initial effort by 

workers ranging from materials scientists to production line engineers would be 

required for the initial testing and development of both the precursor materials and 

the operating thermal batteries in order to reliably obtain the smallest sizes and 

longest lifetimes. Once the proper procedures become established and understood, 

however, the added cost required to implement and maintain the required 

technology should become nominal added costs and efforts that would be easily 

acceptable for most thermal battery applications. Proof of the effectiveness of any 

proposed technological method to operate reliably both before and after a 20-year 

shelf life period must be demonstrated.  

Because gas control in operating thermal batteries shows great potential for battery 

miniaturization but has proven difficult to implement simply and reliably in the 

past, the purpose of the present report is to summarize previous efforts and to 

identify promising approaches for future work on gas control that might be required 

to make future munitions thermal reserve batteries significantly smaller than at 

present. The first experiments done for this report in 2017 (HPST1 through HPST4) 

showed that H2 gas evolved from heat paper pyrotechnic powders containing 

significant amounts of lead dioxide (PbO2) could not be removed effectively using 

zirconium/barium chromate (Zr/BaCrO4) pyrotechnic powders and results from 

those experiments are not included in this report. Data from the last four gas control 

experiments done in 2017 (HPST5 through HPST8) are analyzed and compared 

with similar tests from gas control experiments done in 2012 to help illustrate and 

analyze the present successes and challenges of operating atmosphere gas control 

experimentation. HPST8 was the most successful H2 gas removal test done during 

2017. For HPST8 the evolved gas was confined within the hermetically sealed 
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reusable test fixture (RTF) using a bellows valve (BVRTF) for nominally 188 s 

after pyrotechnic ignition to facilitate chemical reactions between the evolved gas 

and the pyrotechnic ash. 

After the HPST8 test, the experimental process was reconsidered. The HPST9 

experiment was then constructed similar to the HPST8 experiment except that 

proportionately more BaCrO4 was added to the heat paper and 26.05 STP cc of 

oxygen gas (O2) at a measured pressure of 759.2 Torr was confined within the RTF 

during pyrotechnic ignition. For HPST9, BVRTF remained hermetically sealed for 

208 s after heat paper ignition, after which BVRTF was opened to the evacuated 

gas handling system (GHS) with the bellows valve to sample bottle 1 (BVSB1) 

open. BVSB1 was then closed approximately 270 s after the scan started to collect 

the evolved gas sample. Analysis of the SB1 gas sample showed that the HPST9 

experiment was successful in removing all measurable traces of H2 gas from the 

sealed RTF atmosphere (no visible gas chromatograph [GC] H2 peak observed). 

This had never been accomplished previously. These results with their implications 

are reported and discussed in this report and compared with the tests that were done 

in FY 2012. The FY 2012 accomplishments in H2 gas control are reported in the 

references and discussed briefly in this report.  

The GHS and the experimental methodology were both systematically improved 

during the experiments HPST1 through HPST9. The measured GHS volumes and 

gas pressures for the individual tests HPST5 through HPST8 are shown in this report 

for possible use in future analyses. Pressure-time data points at nominal 0.1-s 

intervals for the entire duration of the experiments HPST5 through HPST9 are in 

progress for possible future analysis on request.  

A primary initial goal of the work discussed in this report is to experimentally 

demonstrate reliable H2 gas evolution reduction to essentially zero by using simple 

methods that could be quickly applied to presently fielded production-type 

munitions thermal batteries. One simple method investigated in this report is to 

initiate 28/72-wt% Zr/BaCrO4 pyrotechnic powder-based heat paper mixed with 

added BaCrO4 in the hermetically sealed GHS to remove the H2 gas evolved on 

ignition as completely as possible while simultaneously removing the resulting 

water vapor through chemical interaction with the heat paper ash components. Heat 

paper that uses 22/78-wt% Zr/BaCrO4 has also been used in the past and has been 

shown to produce markedly less H2 gas than the more commonly used heat paper 

made from 28/72-wt% Zr/BaCrO4.
10 Zr/BaCrO4 powder mixtures with higher ratios 

of BaCrO4 have been shown experimentally to remove both H2 and H2O from the 

surrounding gas atmospheres. The optimal weight ratio of heat paper to BaCrO4 for 

the removal of ambient hydrogen (H2) gas and the possibility of reacting some 

ambient H2 gas with O2 evolved during pyrotechnic ignition are two areas of 
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immediate interest. Because the ash that removes the H2 and H2O gases is not 

formed until the battery is initiated, there is no need to protect the gas-removing 

agent during the approximately 20-year storage life of the battery. The ability to 

remove H2 gas completely from the atmosphere of an operating thermal battery 

could be extremely helpful for the Long-Range Precision Fires Modernization 

Priority. 

Comprehensive mathematical models for munitions thermal reserve battery heat 

transfer and electrochemical optimization are available, in use, and constantly being 

improved at present.13ï16 The effectiveness of H2 gas control in extending munitions 

thermal reserve battery lifetimes under ad hoc circumstances has been 

demonstrated experimentally many times in recent years3,17ï21 and has been 

reported to and discussed with all of the major munitions thermal reserve battery 

vendors in the United States. The calibration and use of a GC customized for 

thermal battery gas composition analysis at ARL using standard samples gas has 

been analyzed and discussed previously.22  

This report was primarily written to summarize some of the applications and 

characteristics of presently used munitions thermal reserve batteries and to 

demonstrate how operating gas atmosphere control in future thermal batteries could 

be used to reduce the presently required volumes of those batteries by huge 

amounts. Analyses of mathematical models and experimental results consistently 

show the huge improvements (much smaller sizes and much longer lifetimes) that 

could be achieved for most munitions thermal reserve battery energy densities by 

the control of operating gas atmospheres in present thermal batteries.  

2. Heat Transfer in Thermal Batteries: Microporous Thermal 
Insulators and Gas Control 

Because space is at a premium for most conventional and nuclear munitions 

applications, high volumetric battery energy density values are almost always 

desirable. Because of the high operating temperatures of thermal cells and the 

limited space for thermal insulation in munitions, heat transfer is usually the major 

limitation to reducing munitions thermal reserve battery sizes and increasing 

volumetric energy density values. Total elimination of H2 gas from munitions 

thermal reserve battery operating gas atmospheres could lower present porous 

thermal insulation package thermal conductivity values by nominal factors ranging 

from 1.5 to 3 even when starting with the best (microporous) thermal insulators as 

a baseline.23,24 Because munitions thermal reserve battery cell stack 

electrochemical capacities are often larger than necessary to provide additional 

mass and heat while the stack cools, the simple removal of H2 gas from a thermal 
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battery with no other changes could often produce a significant immediate increase 

in battery lifetime for many munitions reserve thermal batteries presently used in 

field applications. 

Microporous thermal insulation particle sizes for munitions thermal batteries are 

nominally less than 0.1 microïmeter (µïm) diameter and are chosen for use with 

air at room temperature and 1 atmosphere (atm) pressure (760 Torr). Microporous 

thermal insulators are superior because 1) they use opacification agents such as 

particulate metal oxides to reduce radiant heat transfer, and 2) the bulk insulation 

particle pore structures are small enough to interfere with the mean free paths of 

the enclosed gas molecules, which can substantially reduce the bulk insulation 

thermal conductivity values to values even below those of the given enclosed gas. 

The mean free path of any particular gas can be calculated from the effective gas 

molecular diameter and from the temperature and pressure of the gas. Calculated 

mean free paths of air and H2 gases at 25 °C and 105 Pa (0.986923 std-atm pressure), 

for example, have been reported as 0.0691 and 0.126 µïm, respectively.25 In 

addition to possessing low thermal conductivity values, microporous insulators can 

be used as load-bearing materials for thermal battery electrochemical cell stacks, 

even in LCCMïtype artillery applications that typically require mechanical support 

under initial setback forces on the order of 15,000 gôs. 

For thermal insulators with larger particle sizes, the thermal conductivity values of 

the thermal insulation in working thermal batteries will often approximate the 

thermal conductivity values of the gas atmospheres enclosed in the porous thermal 

insulation structures. Thermal conductivity values for relevant gases are shown in 

Figs. 1 and 2.26 When starting with many of these less expensive and larger particle 

size thermal insulators as a baseline, insulation thermal conductivity values could 

be reduced by a much larger nominal factor of about 6 by the removal of H2 gas, as 

can be seen in Fig. 1. The thermal conductivity values of porous thermal insulators 

in operating thermal batteries with large particle sizes would be reduced from being 

similar to those of H2 to being similar to those of air in Fig. 1, because 

approximately 95% of the remaining gases present during thermal battery operation 

(nitrogen [N2], O2, carbon monoxide [CO], methane [CH4], and carbon dioxide 

[CO2]) will collectively have thermal conductivity values similar to those of air. 

Opacification agents or other methods of reducing radiation heat transfer will be 

required for both large and small particle size thermal insulating materials. 
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Fig. 1 Thermal conductivity values of selected gasesðH2 through xenon (Xe) 

If H2 gas could be removed, some of the less expensive thermal insulators would 

become nearly as effective as some of the best present microporous thermal 

insulators for many thermal battery applications when used with appropriate 

opacification agents. The optimized miniaturization of operating thermal batteries 

to the smallest possible sizes is complex, but the elimination of H2 gas from the 

operating atmospheres is almost always a highly effective starting point. Some 

easily implemented method of totally eliminating the evolution of H2 gas or at least 

reducing the amount of H2 gas evolved to a reliably low level might produce 

sufficient thermal battery energy density improvements so that private thermal 

battery companies would feel financially compelled to expend the additional effort 

in battery construction and/or improved chemical processing techniques necessary 

to develop more fully miniaturized munitions thermal reserve battery designs. 

Once thermal battery volumes have been minimized for thermal insulation with H2 

gas completely removed during operation, further significant reductions in thermal 

conductivity values could still be achieved using gas control methods. The extent 

of the additional improvement possible can be seen in Fig. 2 (the lower part of  

Fig. 1 with an expanded y-axis), which shows more clearly the large differences in 

thermal conductivity values for the four gases that appear to have similar thermal 

conductivity values in Fig. 1. As noted in the introduction, further improvement in 

thermal lifetimes even after the operating gas atmosphere has been completely 
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controlled remains possible by optimization of the thermal battery electrochemical-

heat source stacks. 

 

Fig. 2 Thermal conductivity values of selected gasesðair through Xe (from Fig. 1) 

Typical gas compositions of operating munitions thermal reserve batteries made 

both by vendors and at ARL start at 50 % to 80 % H2 gas by volume on pyrotechnic 

ignition and gradually decline from the starting H2 gas volume percentage by 20% 

to 40% by volume while showing a significant increase of CH4 gas during a typical 

2- to 5-min munitions thermal battery lifetime as shown in Appendix A (Fig. Aï1). 

Thermal battery lifetimes have been experimentally improved at ARL and Sandia 

National Laboratories, and by commercial vendors simply by backfilling and 

hermetically sealing existing thermal batteries with low thermal conductivity value 

chemically inert gases such as argon, krypton, or Xe.17-19  

Table 1 shows the experimental effect of letting the H2 gas escape and burn off 

(which produced effectively complete H2 gas removal by intentional case venting) 

during the operation of the pressed pellet LCCM (hermetically sealed) and 

MANLOS (vented) munitions thermal reserve batteries built at ARL. MANLOS 

and LCCM thermal batteries were much different in size (nominally 561.0 cc and 

26.74 cc total internal case volumes respectively),5,6 but both used similar, 

predominantly microporous, thermal insulation packages commonly used in the 

field so that their measured thermal conductivity values as shown in Table 1 would 

be nominally equal in the same internal operating gas atmosphere. 



 

9 

Table 1 Nominal measured operating thermal battery thermal insulation package global 

thermal conductivity values for ARL built thermal batterie s during operation with (Sealed 

CaseïLCCM) and without (Vented CaseïMANLOS) H 2 gas in the operating atmosphere.  

 
Note: Measured thermal conductivity value ratio for these two predominantly microporous battery thermal 

insulation packages during operation at the nominal median thermal insulation temperature of 300 °C 

during thermal battery operation is 4.1/1.3 = 3.15. 

 

Significant improvements in thermal battery energy densities can often be achieved 

simply by using new thermal insulation materials as they become available. Non-

microporous thermal insulators27 have been used for many years as thermal cell 

stack side-wraps with the dual purpose of absorbing leaking molten salt electrolyte 

from operating thermal cells and simultaneously providing limited side-wrap 

thermal insulation. These insulators are much more effective at absorbing molten 

salt electrolyte leaks from the thermal cell outer diameters to prevent ionic short 

circuits than are presently used microporous thermal insulators and they do not 

react chemically with lithium (Li )/aluminum (Al ) and Li/silicon (Si) anodes 

significantly at thermal battery operating temperatures as do the microporous 

thermal insulators. 

Non-microporous thermal insulation is an often acceptable and relatively 

inexpensive thermal insulation used as a major component of the thermal insulation 

packages of many presently fielded munitions thermal batteries. Recently 

developed non-microporous thermal insulators have been shown to perform 

acceptably while maintaining physical contact with the Li/Al and Li/Si anodes of 

operating thermal batteries and simultaneously providing longer thermal battery 

lifetimes than traditionally used non-microporous thermal insulators.27ï31 

3. Experimental 

Previously established gas collection, gas quantity, and gas composition test methods 

were used.3,18ï20 Gas quantities were determined from the measured gas pressures 

during the tests and from GHS volumes previously measured using the ideal gas 

law in conjunction with calculations of physical volumes and water weight 

Experimental Global Thermal Conductivity Values of Predominantly 
Microporous Thermal Insulation Packages During Thermal Battery Operation 

With and Without H2 Gas in Porous Thermal Insulation at the Nominal Thermal 
Insulation Package Median Temperature of ~ 300 °C During Battery Operation 

Battery 
Global Thermal Conductivity of 

Thermal Insulation Package x 104 
cal/s-cm-°C 

LCCM Hermetically Sealed (H2 Present) 4.1 

MANLOS (Vented ï H2 Burned/Allowed 
to Escape 

1.3 
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methods. Rounding errors and interim parametric experimental uncertainties for the 

calculations were ignored during the calculations and their effects were then 

explained later in the text as necessary to facilitate mathematical procedures 

involving operations such as subtracting two large numbers to obtain a critically 

important smaller number. 

SS sample bottles with the manufacturerôs stated internal volume of 10 cc Ñ 10% 

served as the primary standards for determining all gas volumes. For the 2012 tests 

the internal volumes of the sample bottles plus SS attachments were originally 

assumed to be equal to 10 cc. The manufacturerôs stated accuracy of the Dual 

Capacitance Manometer (DCM) used for gas pressure readings was 0.5% of the 

reading. A drawing of a GHS used in 2012 is shown in Appendix B. All 2017 

through 2019 gas volumes for the HPST5 through HPST9 tests were ultimately 

measured at room temperature using the DCM measured gas pressure with the ideal 

gas law using a single designated but representative 10-cc internal volume SS 

reference sample bottle. Identical sample bottle types and SS attachments to the 

bellows valves attached to those sample bottles (Fig. 3) were used for the 2012 and 

the 2017 through 2019 gas evolution tests. 

 

Fig. 3 Gas evolution testing and collection manifold for HPST8 (Not to scale) 

Notes: Internal Volumes (cc): RTF physical cylinder bottom 24.88; empty RTF +SS tubing up to closed 

BVRTF = 26.93 by ideal gas law (gas-ash reaction volume can be completely confined within the 

RTF + tubing up to closed BVRTF); GHS + RTF + SB = 54.44; Erlenmeyer flask + butyl tube = 590.0. 

Total volume of 10 cc SB plus tubing to closed BVSB=12.95 ± 5%. 
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For the 2017 through 2019 tests HPST5 through HPST9, the representative and 

designated sample bottle plus SS tubing to the closed BVSB was first used to 

measure successively larger portions of the GHS volume. All 2017 GHS volumes 

were ultimately confirmed by a combination of physically measured volumes along 

with the weight of the water in the water-filled 500-cc Erlenmeyer flask shown in 

Fig. 3. By these methods the total volume of the designated sample bottle plus SS 

tubing to the BVSB was determined to be 12.95 cc to an estimated accuracy of  

±5% and that sample bottle then became the primary reference for both the 2012 

and the 2017 gas quantities. 

The previously reported gas quantity values for the 2012 tests19 were then 

multiplied by a nominal correction factor of 1.295 and those corrected 2012 gas 

quantities are used in calculations throughout this report. This gas quantity 

correction is the only required correction to any of the values reported in the 2012 

gas analyses. All gas volumes for this report were ultimately measured to an 

estimated accuracy of ±5%. 

The 2017 GHS configurations used to measure gas quantities in this report were 

sequentially developed starting from the 2012 GHS in order to produce a smaller, 

more versatile GHS that could produce higher, more easily measured gas test 

pressures and/or use smaller quantities of pyrotechnic powders. Higher gas 

pressures help the evolved H2 gas to react more readily with the Zr/BaCrO4 LCCM 

flight test heat paper (LCCMFTHP) pyrotechnic powder ash and the added BaCrO4. 

Detailed drawings of the 2017 RTF and the RTF SS insets that can be used to reduce 

the effective volume of the RTF in order to increase the test gas pressures are shown 

in Appendix C. The GHS used to measure the gas quantities for both the HPST8 

and HPST9 experiments is shown in Fig. 3.  

The 2017 experiments were originally planned to be a series of experiments using 

LCCM-type thermal cells in LCCM-type thermal battery stacks so that thermal cell 

heat generation rates and battery stack heat losses could be easily measured as has 

been done many times previously.3 The individual experiments were therefore 

designated HPSTn with n designating the number of the experiment. The first 

HPSTn experiments using only heat paper were expected to be finished quickly. 

Those results were expected to confirm the 2012 gas evolution test results and to 

provide a check of the 2017 experimental test procedures. Eight gas evolution tests 

(HPST1 through HPST8) were done in 2017, and all eight tests used only heat paper 

or heat paper plus BaCrO4. Although BaCrO4 was shown to remove H2 gas from 

the surrounding atmosphere successfully, none of the eight tests done in 2017 were 

as successful as the 2012 tests had been. Tests HPST1 through HPST4 used a heat 

paper that contained significant amounts of PbO2, and little or no H2 gas was 
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removed using added BaCrO4 in those tests. Tests HPST5 through HPST8 in 2017 

used the same LCCMFTHP (28/72-wt% Zr/BaCrO4) as did the 2012 tests. The 

HPST5 through HPST8 tests removed evolved H2 gas effectively but were not quite 

as successful as the 2012 tests. 

For experiment HPST5, which used only LCCMFTHP as a baseline test, all of the 

gas insets shown in Appendix C were used and the internal volume of the RTF with 

insets was calculated at 4.59 cc. After experiment HPST5, the SS insets were not 

used in order to more easily prevent electrical short circuits between the RTF and 

the nichrome wire match. The bellows valve BVRTF was added to the GHS after 

the HPST7 experiment to confine the evolved gas inside the RTF close to the 

pyrotechnic powder ash and to further increase the gas pressure and gas-ash 

chemical reaction rates on initiation of the pyrotechnic powders starting with 

experiment HPST8. The internal empty (no SS insets added) RTF cylinder had a 

calculated physical volume of 24.88 cc (1.25 inch diameter by 1.237 inches deep) 

as shown in Appendix C and could be isolated from the rest of the GHS using 

bellows valve BVRTF starting with the HPST8 test. The total volume of the empty 

RTF plus attached SS tubing and internal BVRTF volume open to the RTF when 

BVRTF was closed using the DCM measured gas pressures and the ideal gas law 

was measured at 26.93 cc. The RTF inner case dimensions without the SS insets 

were similar to those of the internal case dimensions of the flight test LCCM 

thermal batteries successfully tested in the 155-mm howitzer at Yuma, Arizona, on 

5 August 2008 (24.72 cc [1.2455 inch diameter by 1.2382 inches deep]).3 

Evolved gas volumes were calculated from DCM-measured evolved gas pressures 

and the previously measured GHS volumes using Excel spreadsheets. Evolved gas 

chemical composition measurements were made on the gases collected in the 

sample bottles using a GC customized for thermal battery evolved gas analysis that 

used a porous layer open tubular (PLOT) gas capillary column with a thermal 

conductivity detector and an ultra-high purity (UHP) argon carrier gas. Gas samples 

were injected from the 10 cc SS sample bottles using a 6-port SS valve with a  

50 µ-l SS sample loop. The chemical compositions were generally accurate to 

approximately ±10.0% of the percentage measured as described previously. For a 

gas composition percentage measured as 10% by volume of the total mixture to 

±10% accuracy the true value of that particular gas composition percentage will 

generally fall somewhere between approximately 9% and 11% by volume of the 

total mixture.19,20,22  

Representative measured gas leak rates from ambient room atmospheric pressure 

at  approximately 25 °C into the evacuated GHS at a nominal pressure of 0.05 Torr 

(6.67 Pa) were 3.362Eï05 std-atm-cc/s with BVRTF and BVTEE of Fig. 3 both 

open and 1.585Eï07 std-atm-cc/s with BVRTF and BVTEE both closed (a leak rate 
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of 1 standard atmosphere cubic centimeter per second [std-atm-cc/s] equals a leak 

rate of one cubic centimeter of an ideal gas measured at one std-atm [0 °C and 760 

Torr] per second). The GHS could not be as tightly sealed when BVTEE to the 

Erlenmeyer flask and BVRTF were both open. During a typical 30-min gas 

evolution test with BVRTF and BVTEE both open a calculated total of 

30 × 60 × 3.362Eï05 = 0.06052 std-atm-cc of ambient room temperature air would 

have leaked into the evacuated GHS at a nominal pressure of 0.05 Torr. With 

BVTEE and BVRTF both closed, the representative amount of ambient laboratory 

room air at 25 °C that leaked into the evacuated GHS in 30 min at a nominal 

pressure of 0.05 Torr would have been much less (30 × 60 × 1.585E-07 = 0.0002844 

std-atm-cc). 

A step-by-step test procedure checklist for the Standing Operating Procedure (SOP) 

for pyrotechnic powder gas evolution and collection in this report is shown in 

Appendix D along with supporting procedures for preparing and installing the 

silicone rubber gaskets (SRGs) used to seal the RTF, ignite the pyrotechnic powder, 

and make the nichrome wire match. That SOP addresses important safety issues 

encountered when working with thermal battery materials, including the 

importance of proper grounding to avoid inadvertent electrostatic ignition of the 

pyrotechnic materials, wearing of proper personal protective equipment (PPE), and 

proper hazardous materials (HAZMAT) handling, storage, and disposal methods. 

4. Heat Paper Gas Evolution Experiments Done in 2012 and in 
2017ς2019 

An experiment done in 2012 that used 2.412 g of LCCMFTHP as the only test 

component evolved a corrected volume of 13.87 std-atm-cc of total gas/g of 

LCCMFTHP when ignited and evolved no apparent water vapor.19 Table 2 shows 

that when 2.4224 g of LCCMFTHP was mixed in gross layers with 1.0950 g of 

BaCrO4 powder and ignited that a corrected volume of 0.5605 std-atm-cc of total 

gas/g of the LCCMFTHP was evolved excluding apparent water vapor so that 

100 × (13.87 ï 0.5605) / 13.87) = 95.96% of the total gas that would have been 

evolved based on the first experiment in Table 2 was removed. As noted in Section 

3, the total amount of gas reported in 2012 used the manufacturerôs stated sample 

bottle volume of 10 cc instead of the nominal 12.95-cc volume for the sample bottle 

plus associated tubing measured in 2017, but the percentage of total gas removed 

in 2012 remains unchanged at 95.96%. The small amount of H2 gas remaining (less 

than 4.04%) in an H2/air mixture would have a thermal conductivity very similar to 

that of air19,26 so that this 2012 experiment could be counted as a success because 

it demonstrated that a gas could be produced that would have reduced the thermal 

conductivity values of microporous thermal insulation packages by factors of 1.5 
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to 3 by removing H2 gas. The corrected evolved gas quantities for the 2012  

tests are shown in Table 2 and the HPST5 through HPST9 gas quantities  

and gas compositions measured in 2017ï2019 from the same LCCMFTHP are 

shown in Tables 3 and 4. Table 3 shows that for HPST8 a total of  

100 × (16.07 ï 1.565) / 16.07 = 90.26 % of the H2 gas was removed based on the 

amount of H2 gas that was evolved for HPST5. Internal GHS and RTF volumes 

used for specific tests as the GHS was systematically improved are shown in text 

below the respective tables. 

All of the heat paper samples evaluated in the 2012 and 2017ï2019 experiments 

analyzed in this report were taken from the same vendor-supplied batch and used 

28/72-wt% Zr/BaCrO4 pyrotechnic powder. Previous experiments dating from as 

early as 1960 have shown that 22/78-wt% Zr/BaCrO4 pyrotechnic powder produces 

little gas.10,11 More recent experiments have shown that 22/78-wt% Zr/BaCrO4 

pyrotechnic powder can also remove H2 gas present from other sources, apparently 

by oxidizing H2 gas to water.19 Based on these previous results, a promising 

approach to study H2 gas removal regardless of its original source would be to 

initiate either 28/72- or 22/78-wt% Zr/BaCrO4 heat paper powder in a GHS with 

added BaCrO4 powder and measure the amount of H2 gas removed. Because  

28/72-wt% Zr/BaCrO4 is more readily available and more commonly used, that 

material was chosen for experimentation in this report. The HPST5 test used only 

28/72-wt% Zr/BaCrO4 pyrotechnic powder and served as a baseline test for H2 gas 

evolution. The HPST6 and HPST7 tests used increasingly intimate mixing methods 

of the 28/72-wt% Zr/BaCrO4 pyrotechnic powder with the extra BaCrO4 powder. 

The HPST8 test, which was the most successful test done in 2017, used the HPST7 

intimate powder mixing procedure and in addition used a BVRTF to hold the 

evolved gas within the RTF to permit enhanced interaction between the evolved 

gas and the pyrotechnic powder ash. The first HPST8 sample bottle was closed 

approximately 305 s after the start of the electronic scan (~295 s after pyrotechnic 

ignition) and the second HPST8 sample bottle was closed 1055 s after the start of 

the electronic scan. Experimental details for the 2017 tests are outlined in Tables 3 

and 4 and discussed. Calculation details for GHS volumes and evolved gas 

quantities using experiments HPST8 and HPST9 as examples are shown and 

explained in Appendix E.  
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Table 2 Evolved (LCCMFTHP) 2012 gas quantities (corrected in 2017) and gas 

compositions (unchanged) 

 
Notes: All original19 2012 gas quantities and internal GHS volumes were multiplied by 1.294644 as 

described in Section 3 and Appendix E to obtain the corrected values shown for Table 2. 

GHS+RTF-pyrotechnic ash volume (left column) = 80.24 cc. 

GHS+RTF-pyrotechnic ash volume (right column) = 79.93 cc. 

Gas expansion desiccator plus butyl tubing = 2874.68 cc. 

  

Total Gas Evolved/g of Heat Paper (Excluding Water Vapor) 
  std-atm-cc/g 

 2.412 g Heat Paper 2.4224 g Heat Paper + 1.0950 g 
BaCrO4 

 13.87 0.5605 

SB1 (SB2) Gas Volume Percentages 

 SB1 SB2 SB1 SB2 

H2 82.4  72.7 78.0  60.5 

O2 0.00  2.13 3.03  6.71 

N2 0.00  0.00 6.76  21.3 

CO 16.2  23.4 12.3  11.5 

CH4 1.44  1.81 0.00  0.00 

CO2 0.00  0.00 0.00  0.00 

Total 100.04  100.04 100.09 100.01 

Apparent Total Water Vapor Volume after Gas Expansion  
std-atm-cc/g of Heat Paper 

 0.00 9.507  (2445.3 s After Ignition) 
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Table 3 Evolved LCCMFTHP  gas quantities and compositions measured in 2017 

(experiments HPST5 and HPST8) 

 
Notes: HPST5 small GHS+RTF (with SS insets)-pyrotechnic ash volume = 15.20 cc. 

HPST5 calculated pyrotechnic ash plus nickel ribbon volume = 0.2381 cc. 

HPST5 small GHS = 10.85 cc ï RTF (with SS insets) = 4.59 cc ï large GHS = 111.59 cc. 

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation.  

HPST5 total volume for water expansion at 1398.7 s after ignition =15.20+111.59+590 =  

716.79 cc. 

  HPST8 RTF+GHS+SB-ash volume = 26.93+14.56+12.95-.41 = 54.03 cc. 

HPST8 empty RTF plus tubing to closed BVRTF volume = 26.93 cc ï small GHS volume = 14.56 

cc ï Sample bottle plus SS tubing to SS BVSB volume = 12.95 cc ± 5%. 

HPST8 calculated pyrotechnic ash volume plus nickel ribbon 0.4146 cc. 

No large GHS. 

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation (Appendix E). 

HPST8 total volume for water expansion at 1921.4 s after ignition (sample bottle is closed) =  

14.56+26.93 0.4146+590 = 631.08 cc. 

  

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper 

 HPST5 HPST8 

 0.9451 g Heat Paper 
No Additive ï No BVRTF 

1.134 g Heat Paper + 0.6509 g BaCrO4 
Intimate Mix ï BVRTF Closed for 198.7 s 

After Scan Start 

 Pyrotechnic Ignition 11.197 
s after Scan Start 

Pyrotechnic Ignition (Manual Record 
Only) 10 s after Scan Start 

Total Volume of All Gases Evolved When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and Closing Time After Initial Pressure Rise  (s) 

SB1 20.79  41.8 s 6.229 106.2 s 

SB2 20.42 794.8 s 5.923 856.2 s 

SB1 (SB2) Gas Volume Percentages 

 SB1 SB2 SB1 SB2 

H2 77.28  56.92 25.13 26.12 

O2 0.11  1.35 19.81  3.28 

N2 0.47  8.15 2.76  13.36 

CO 14.65  8.67 8.23  9.95 

CH4 5.95 15.16 1.65  1.78 

CO2 1.54  9.74 42.42  48.99 

Total 100.00  99.99 100.00  103.48 

Calculated Total Volume H2 Gas Evolved When Indicated Sample Bottle Was 
Closed 

(std-atm-cc/g of Heat Paper) and Closing Time After Initial Pressure Rise  (s) 

SB1 16.07 41.8 s 1.565 106.2 s 

SB2 13.57 794.8 s 1.532 856.2 s 

Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g 
of Heat Paper  Measured at End of Scan (seconds)  

0.4710 (1398.7 s After Ignition) 5.700 (1722.4 s After Ignition) 
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Table 4 Evolved LCCMFTHP  gas quantities and compositions measured in 2017 

(experiments HPST6 and HPST7) 

 
Notes: HPST6 small GHS+RTF volume (no insets)-pyrotechnic ash volume = 35.35 cc. 

HPS6 Small GHS volume = 10.85 cc. 

HPST6 calculated pyrotechnic ash volume = 0.3731 cc. 

HPST6 large GHS volume = 111.59 cc. 

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation. 

HPST6 total volume for water expansion at 1572.8 s after ignition = 35.35+111.59+590 =  

736.94 cc. 

HPST7 small GHS+RTF volume (no insets)-pyrotechnic ash volume = 38.51 cc. 

HPST7 RTF volume = 24.88 cc ï small GHS volume = 14.01 cc. 

HPST7 calculated pyrotechnic ash volume = 0.3813 cc. 

No large GHS. 

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation. 

HPST7 total volume for water expansion at 1854.7 s after ignition = 24.88+14.01-.3813+590 = 

628.51 cc. 

 

The HPST9 experiment done in 2019 used a higher ratio of BaCrO4 along with 

26.05 std-atm-cc O2 in the RTF with BVRTF closed for the first 208.0 s after 

pyrotechnic powder ignition. The HPST9 experimental results are shown in  

Table 5. Note that for HPST8 done in 2017 100 × (16.07 ï 1.565) / 16.07 = 90.26% 

of the evolved H2 gas was removed and that for HPST9 done in 2019 100% of the 

measurable evolved H2 gas was removed (no H2 GC peak visible). 

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper 

 HPST6 HPST7 

 1.1059 g Heat Paper + 0.4929 
g BaCrO4 in Discrete 

Chemical Layers ï No 
BVRTF 

1.1415 g Heat Paper + 0.4932 g BaCrO4 
Intimately Mixed ï No BVRTF 

 Pyrotechnic Ignition 6.897 s 
after Scan Start 

Pyrotechnic Ignition 5.897 s after Scan 
Start 

Total Volume of All Gases Evolved When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and Closing Time After Initial Pressure Rise  (s) 

SB1 6.132 50.1 s 7.610 61.1 s 

SB2 5.366 923.1 s 7.179 1061.1 s 

SB1 (SB2) Gas Volume Percentages 

 SB1 SB2 SB1 SB2 

H2 82.84  71.23 69.40  46.64 

O2 0.54 2.04 0.40  2.84 

N2 0.42  7.83 1.33  7.83 

CO 12.98  13.92 16.32  15.76 

CH4 2.47  2.82 3.03  2.22 

CO2 0.75  2.16 9.53  19.18 

Total 100.01 100.00 100.01 94.47 

Calculated Total Volume H2 Gas Evolved When Indicated Sample Bottle Was 
Closed 

 (std-atm-cc/g of Heat Paper) and Closing Time After Initial Pressure Rise  (s) 

SB1 5.080 50.1 s 5.281 61.1 s 

SB2 4.013 923.1 s 3.784 1061.1 s 

Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g 
of Heat Paper Measured at End of Scan (seconds after ignition) 

2.281 (1572.8 s After Ignition) 4.403 (1854.7 s After Ignition) 
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Table 5 Evolved LCCMFTHP  gas quantities and compositions measured in 2019 

(experiment HPST9) 

 
Notes: HPST9 RTF+GHS+SB-ash volume = 26.93+14.56+12.95-.44 = 54.00 cc. 

HPST8 and HPST9 used the same GHS and RTF ï The only internal GHS plus RTF volumetric 

difference was that the solid HPST8 pyrotechnic ash volume was estimated at 0.4146 cc while the 

HPST9 pyrotechnic ash volume was estimated at 0.4380 cc because additional BaCrO4 was used in 

HPST9 (see tables E-1 and E-3 in Appendix E). 

 

The pressure-time curves for the HPST5 through HPST9 experiment gas 

collections are shown in Figs. 4 through 8. While analyzing the HPST5 through 

HPST9 pressure-time curves shown in Figs. 4 through 8 it is helpful to remember 

that the measured evolved gas quantities other than water vapor will be saturated 

with water vapor at the experimental temperature so long as liquid water is present 

in the system (see Appendix E for examples of the calculated water vapor amounts 

in evolved gas samples). 

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper 
 

HPST9 

1.134 g Heat Paper + 0.756 g BaCrO4 Along With 26.05 cc STP O2 Gas Initially 
Sealed Within RTF on Ignition ï BaCrO4 Powder and Heat Paper Were Intimately 

Mixed ï RTF Remained Sealed for 208 s After Scan Start ï RTF Was Then 
Opened for Gas Sample Collections 

Pyrotechnic Ignition (Manual Record Only) Occurred ~3 s After Scan Start 

Total Volume of All Gases Present When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and SB Closing Time After Scan Start  (s) ï Some Laboratory 

Ambient Air Entered GHS When SB2 Was Added to Quick Connect Valve   

SB1 13.55 270 s 

SB2 15.95 1030 s 

SB1 (SB2) Gas Volume Percentages 

 SB1 SB2 

H2 0.00 0.00 

O2 55.35* 25.85* 

N2 0* 55.44* 

CO 0.00 0.00 

CH4 0.00 0.00 

CO2 44.65* 18.71 

Total 100.00 100.00  

Calculated Total Volume H2 Gas Evolved When Indicated Sample Bottle Was 
Closed 

(std-atm-cc/g of Heat Paper) and Closing Time After Scan Start  (s) ï All H2 was 
Removed from the Test Gas Atmosphere 

SB1 0.00 270 s 

SB2 0.00 1030 s 

Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g 
of Heat Paper  Measured at End of Scan (1928 s After Scan Start)  

0.7784 (1928 s After Scan Start) 

*The Proportion of O2 to N2 by this GC Measurement is Uncertain But 
This Uncertainty Will Not Affect Thermal Insulation Thermal Conductivity 
Significantly Because The Total Amount of O2 plus N2 is Correct to 
Nominally ± 10% and Thermal Conductivity Values of O2 and N2 are 
Similar 
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Figures 7 and 8 for HPST8 and HPST9 include the times after the start of the 

electronic scan before BVRTF was opened and the gas pressure in the GHS started 

to increase. Pyrotechnic initiation for HPST8 and HPST9 as recorded manually 

occurred nominally 10 s and nominally 3 s respectively after the start of the 

electronic scan. Before BVRTF was opened the measured gas pressure in the GHS 

remained at zero (nominally 50 µ Hg or 6.67 Pa) for both experiments. A summary 

analysis of the HPST5-HPST9 experiments and of the similar experiments done in 

2012 is shown in Table 6. 

Table 6 Summary analysis of HPST5 to HPST9 and 2012 gas evolution experiments 

 

 

Events on all five scans HPST5 through HPST9 that caused pressure changes can 

be verified to within nominally 0.1 s using the electronic time-pressure recordings 

from the initial measured pressure rises. Manually recorded times such as closing 

the sample bottles that did not cause immediate pressure changes are generally 

believed correct within about ±2 s. For HPST5 through HPST7, the RTF was open 

to the GHS (no BVRTF present) and the initial pressure rise occurred at the moment 

of ignition of the pyrotechnic. BVRTF was then added to the GHS for HPST8. For 

HPST8, the manually recorded pyrotechnic powder ignition occurred 

approximately 10 s after the start of the electronic scan. SB1 was closed 

H2 Gas Removed by Added BaCrO4 During 2017 Measured at Time SB1 Was 
Closed and Mass Ratio of Added BaCrO4 to LCCMFTHP Heat Paper 

Experiment 
Designation/Time 
After Scan Start 
That SB1 Was 

Manually Closed 
(s) 

Total H2 Evolved 
Gas Present 

When SB1 Was 
Closed 

(std-atm-cc)/g of 
Heat Paper 

H2 Removed by 
Added BaCrO4 
When SB1 Was 

Closed Based on 
HPST5 Gas 
Evolution 

(std-atm-cc)/g of 
BaCrO4 

Mass Ratio 
of Added BaCrO4 

to Heat Paper 

Expt. s    

HPST5  56 16.07 0 0 

HPST6  57 5.080 24.65 0.4457 

HPST7  67 5.281 24.97 0.4321 

HPST8  305 1.565 25.27 0.5740 

HPST9 270 0 * 0.6667 

*Unknown ï O2 gas originally present reacted with the evolved gases and 
some of the original O2 gas remained at the end of the HPST9 experiment  

 

H2 Gas Removed from EXPT 2 by Added BaCrO4 During 2012 Based on 
EXPT1 Gas Evolution19  ï Total EXPT1 Gas Measured at 82.4 Volume % H2 

EXPT 1 11.43 0 0 

EXPT 2 0.4372 24.25 0.4520 

Note that the H2 gas evolution rate of the LCCMFTHP heat paper increased 
by 40.59% by these numbers from 2012 to 2017  

 



 

20 

approximately 305 s after the electronic scan start and 106.201 s after BVRTF was 

opened. The HPST8 evolved gas was initially held within the RTF (BVRTF closed) 

for 198.7 s after the scan start before opening BVRTF to produce the first pressure 

rise for HPST8 and the HPST9 evolved gas was initially held within the RTF 

(BVRTF closed) for 208.0 s after the scan start before opening BVRTF to produce 

the first pressure rise for HPST9. 

 

Fig. 4 HPST5 pressure-time curve 

Notes: See Table 3 for internal volumes of HPST5 GHS components. 

 Temperature of GHS during HPST5 experiment was 24.2 °C. 

Note that the total gas pressures measured for HPST5, which used no added BaCrO4, are significantly 

higher than the gas pressures measured in any of the experiments HPST6 through HPST8. 

 Gas pressure when SB1 was closed was measured at 569.913 Torr.  

 Gas pressure when SB2 was closed was measured at 297.6168 Torr. 
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Fig. 5 HPST6 pressure-time curve 

Notes: See Table 4 for internal volumes of HPST6 GHS components. 

 Temperature of GHS during HPST6 experiment was 24.3 °C. 

 Gas pressure when SB1 was closed was measured at 116.2234 Torr. 

 Gas pressure when SB2 was closed was measured at 70.5407 Torr. 
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Fig. 6 HPST7 pressure-time curve 

Notes: See Table 4 for internal volumes of HPST7 GHS components. 

 Temperature of GHS during HPST7 experiment was 25.2 °C. 

 Gas pressure when SB1 was closed was measured at 140.1417 Torr.  

 Gas pressure when SB2 was closed was measured at 96.9456 Torr. 
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Fig. 7 HPST8 pressure-time curve 

* Time zero is start of scan - Times can be measured within 0.1 s only if events cause pressure changes. 

Notes: See Table 3 for internal volumes of HPST8 GHS components. 

 Temperature of GHS during HPST8 experiment was 24.5 °C. 

The HPST8 electronic scan was stopped 1772.4 s after BVRTF was opened (initial pressure rise) and 

1921.197 s after the scan was started (manually recorded ignition was ~10 s after the scan was started) 

Note that the initial gas pressures measured for HPST8 when BVRTF was opened are significantly 

lower than the gas pressures measured when the heat paper was initiated in experiments HPST6 and 

HPST7. 

Gas pressure when SB1 was closed was measured at 108.2795 Torr. 

 Gas pressure when SB2 was closed was measured at 77.0100 Torr. 
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Fig. 8 HPST9 pressure-time curve 

* Time zero is start of scan - Times can be measured within 0.1 s only if events cause pressure changes. 

Notes: Gas pressure spiked at 365.6 Torr when SB2 was added 298.2 s after scan start.  

 See tables E-3 and E-4 for internal volumes of HPST9 GHS components. 

 Temperature of GHS during HPST9 experiment was 9.45 °C. 

 The HPST9 electronic scan was stopped 1719.4 s after BVRTF was opened (initial pressure rise) and 

1927.4 s after the scan was started (manually recorded ignition was ~3 s after the scan was started). 

 Gas pressure when SB1 was closed was measured at 197.274 Torr. 

 Gas pressure when SB2 was closed was measured at 184.971 Torr. 

 

Note that the total gas pressure never rises as high as the HPST5 values when excess 

BaCrO4 is present for experiments HPST6 or HPST7. The HPST5, HPST6, and 

HPST7 experiments all measured the gas pressure directly during the initial 

pressure rise. The HPST7 powders were more thoroughly mixed than the HPST6 

powders and the initial gas pressures for the HPST7 experiment were lower. 

The HPST8 gas was manually released from the RTF by opening BVRTF to begin 

the pressure rise 198.7 s after the start of the electronic scan. For HPST8, the 

manually recorded pyrotechnic ignition occurred approximately 10 s after the start 

of the electronic scan. For HPST9, the gas was held in the RTF for 208.0 s after the 

start of the electronic scan and the manually recorded pyrotechnic powder ignition 

occurred approximately 3 s after the start of the electronic scan. Time zero for all 

curves shown in Figs. 8 and 9 was nominally 0.1 s before the first digitally recorded 

pressure rise.  
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Fig. 9 First 10 s of pressure rise for experiments HPST5 through HPST9 

The low gas pressure values for HPST6 and HPST7 of Figs. 9 and 10 definitely 

show that most or all of the gas reactions with the pyrotechnic ash for HPST6 and 

HPST7 occurred before approximately 2 s after pyrotechnic powder ignition. 

Nearly all of the evolved gas had either already reacted with the ignited pyrotechnic 

ash solid residue and/or other evolved gas components or else had not yet been 

evolved by the time the first data point was taken at nominally 0.1 s after the initial 

pressure rise resulting from pyrotechnic powder ignition. No extremely sudden 

spike of gas pressure was observed at the moment of pyrotechnic powder ignition 

for HPST5, HPST6, or HPST7, all of which were ignited with the DCM directly 

monitoring the gas pressure at the moment of ignition. Nor is there evidence of any 

sudden or large gas pressure increase later (after 10 s) in any of the HPST5 through 

HPST9 experiments that would indicate the occurrence of unexpected gas evolution 

reactions (Figs. 4ï8). 
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Fig. 10 First second of pressure rise for experiments HPST5 through HPST9 

5. Postmortem Photographs for 2017 and 2019 

A postmortem photograph of the HPST6 experiment, which used only three 

discrete chemical layers (heat paper/BaCrO4/heat paper) for mixing, is shown in 

Fig. 11. The heat paper for tests HPST7 through HPST9 was first torn into small 

pieces and then intimately mixed with the BaCrO4 powder. The HPST7 postmortem 

photograph with its uniform black color (Fig. 12) suggests an enhanced reaction of 

the BaCrO4 with the Zr/BaCrO4 pyrotechnic heat paper ash but the actual amounts 

of H2 gas evolved by HPST6 and HPST7 were nearly identical as shown in  

Table 4. The postmortem ash of HPST8 visually appeared nearly identical to that 

of HPST7 and postmortem ash of HPST8 was not photographed. However, the 

HPST8 ash in the hermetically sealed RTF removed considerably more H2 gas, as 

shown in Tables 3 and 4. 
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Fig. 11 HPST6 postmortem ash photograph 

Yellow BaCrO4 and LCCMFTHP were mixed using only three separate layers (heat 

paper/BaCrO4/heat paper) for the HPST6 test. 
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Fig. 12 HPST7 postmortem ash photograph 

Yellow BaCrO4 and small torn LCCMFTHP pieces were intimately mixed for the 

HPST7 through HPST9 tests. The HPST8 test was constructed as identically as 

possible to the HPST7 test, except that a bellows valve (BVRTF) was added to 

confine the evolved gas inside the RTF for the HPST8 test. 
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Fig. 13 HPST9 postmortem ash photograph 

Experiment HPST9 was essentially a repeat of experiment HPST8 except that a 

greater weight fraction of BaCrO4 was used (see Table 6) and 26.05 std-atm-cc of 

O2 at a measured pressure of 759.2 Torr was present in the hermetically sealed RTF 

when the HPST9 heat paper was ignited. A detailed SOP of the HPST9 

experimental procedure with a step-by-step checklist procedure is shown in 

Appendix D. 

The white area to the right of the large glazed ash nodule on the right of Fig. 13 is 

the RTF SS bottom. The RTF SS bottom was almost uniformly covered with 

postmortem ash in experiments HPST7 and HPST8. Significant amounts of yellow 

BaCrO4 visible both in the bulk of the ash mixture and on the RTF side walls in 

HPST9 (Fig. 14) show much greater agitation of the heat paper/BaCrO4 mixture 

from pyrotechnic powder ignition when O2 was present during ignition than 

occurred in the HPST7 and HPST8 tests (Fig. 12). The hermetically sealed HPST5 

through HPST9 experimental pyrotechnics were all initiated with a moderate 

vacuum of approximately 6.67 Pa (50 µ Hg) inside the hermetically sealed GHS. 
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Fig. 14 HPST9 RTF and header postmortem 

6. Gas Chromatography Results 

Figure 15 shows a GC calibration done in 2019 using standardized gas samples that 

contained all six of the gases previously shown to be present in significant 

quantities during thermal battery operation (H2, O2, N2, CO, CH4, and CO2). The 

O2 and N2 chromatographic peaks were difficult to separate using the PLOT 

capillary column. An expanded detail of the O2 + N2 chromatographic peak directly 

below is shown in Fig. 16. 
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Fig. 15 GC calibration curve (667.8 Torr total gas pressure measured at GC) 

 

Fig. 16 GC calibration curve detail (667.8 Torr total gas pressure measured at GC) 








































































































































